Acconcia 17β-estradiol (E2) regulates diverse physiological effects, including cell proliferation, by binding to estrogen receptor α (ERα). ERα is both a transcription factor that drives E2-sensitive gene expression and an extra-nuclear localized receptor that triggers the activation of diverse kinase cascades. While E2 triggers cell proliferation, it also induces ERα degradation in a typical hormone-dependent feedback loop. Although ERα breakdown proceeds through the 26S proteasome, a role for lysosomes and for some endocytic proteins in controlling ERα degradation has been reported. Here, we studied the role of the endocytic protein dynamin II in E2-dependent ERα signaling and degradation. The results indicate that dynamin II siRNA-mediated knock-down partially prevents E2-induced ERα degradation through the inhibition of an autophagy-based pathway and impairs E2-induced cell proliferation signaling. Altogether, these data demonstrate that dynamin II is required for the E2:ERα signaling of physiological functions and uncovers a role for autophagy in the control of ERα turnover.
1
. It is now accepted that these two apparently separable molecular mechanisms integrate in a single pathway that transduces the E2-included stimulus into the regulation of diverse cellular processes (e.g., cell migration, proliferation and apoptosis), both in cell lines and in animal models 2, 3 . Indeed, by binding ERα , E2 elicits cell proliferation through up-regulation of the cell cycle regulating gene cyclin D1 and the anti-apoptotic gene B-cell lymphoma 2 (Bcl-2), which either contribute to DNA synthesis and cell cycle progression 4, 5 . The E2-induced increase in cyclin D1 and Bcl-2 transcription is controlled by the PI3K/AKT pathway 5, 6 . This extra-nuclear cascade is rapidly activated because E2 engages the membrane localized ERα , which in turn docks to the insulin-like growth factor receptor 1 (IGF-1R) and triggers AKT phosphorylation 7, 8 . E2-activated AKT controls ERα phosphorylation at serine residue 118 (S118) 9 . S118 phosphorylated ERα then enhances E2:ERα -mediated ERE-containing gene expression 10 , which further contributes to E2-dependent proliferative stimuli. In parallel to these molecular events, E2 also triggers ERα degradation, which primarily occurs through the 26S proteasome 11 and is required to synchronize the cell response to environmental E2 fluctuations 12, 13 . Recently, we have reported that, in addition to the 26S proteasome, lysosomal function controls E2-induced ERα degradation and cell proliferation 14 . Moreover, by performing a siRNA-based screening, we implicated diverse endocytic proteins (e.g., clathrin, caveolin-1 and caveolin-2) in the regulation of both E2-induced cell proliferation and ERα degradation in breast cancer cells 15, 16 . Interestingly, we also found that dynamin II (DynII) may affect E2-induced receptor breakdown 16 . DynII is a GTPase involved in the regulation of diverse physiological functions in cells. Indeed, DynII is required for endocytic processes because it allows the pinching off of nascent vesicles from intracellular membranes 17 . Moreover, DynII activity and function is crucial for cell migration, cell proliferation and programmed cell death
Results
Dynamin II depletion perturbs E2-induced cell proliferation signaling. Initial experiments were performed to evaluate the impact of DynII knock-down (KD) on E2-induced PI3K/AKT pathway activation in ductal carcinoma cells (MCF-7 cells). Figure 1a ,a' ,a" show that depletion of DynII strongly reduced the ability of E2 to increase both AKT and ERα S118 phosphorylation. Because AKT phosphorylation was basally increased in DynII KD cells (Fig. 1a,a' ,a") and AKT activation depends on the ability of E2 to rapidly associate with the insulin-like growth factor receptor 1 (IGF-1R) 7 , we next evaluated ERα :IGF-1R interaction under DynII depleted conditions ( Supplementary Fig. 1A ). Figure 1b,b' show that the E2-triggered increase in ERα :IGF-1R complex formation was prevented in DynII KD MCF-7 cells. Notably, the basal ERα :IGF-1R interaction was strongly increased under basal conditions when the DynII cellular levels were reduced (Fig. 1b,b' ). ERα S118 phosphorylation is required for full receptor transcriptional activity 10 . (Fig. 1c,d,d') . Interestingly, DynII KD not only reduced E2-dependent pS2, PR and Cat D gene transcription but also altered their basal intracellular levels (Fig. 1c,d,d') . In addition to ERE-containing genes, the E2:ERα complex activates non-ERE promoters 1 . Also the depletion of DynII from MCF-7 cells prevented the ability of E2 to induce the up-regulation of cyclin D1 (Cyc D1) and Bcl-2 protein levels (Fig. 1d,d') . Cyc D1 and Bcl-2 contribute to E2-induced cell cycle progression 4, 5 . Thus, experiments were next performed to evaluate the impact of DynII depletion on E2-induced proliferation. Figure 1e shows that E2 lost its ability to increase cell number in MCF-7 DynII KD cells. Remarkably, DynII KD did not significantly change the basal cell cycle distribution in MCF-7 cells (Fig. 1f,f ' ).
Overall these results show that in MCF-7 cells, DynII depletion increases the basal AKT phosphorylation state, abolishes the ability of E2 to increase ERα S118 phosphorylation and AKT activation, alters the basal and E2-induced mechanism of ERα :IGF-1R interaction, deregulates ERα transcriptional activity and prevents E2 proliferative stimuli.
Dynamin II depletion and autophagy inhibition induces ERα stabilization.
In parallel to the induction of cell proliferation, E2 triggers ERα degradation in the typical feedback loop that occurs for other mitogen growth factors as well 11, 20 . Moreover, the E2-activated PI3K/AKT pathway protects the receptor from proteolytic breakdown 16, 21 . Because DynII KD prevents E2-induced AKT phosphorylation (Fig. 1) , we next evaluated the impact of DynII depletion on E2-induced ERα degradation in MCF-7 cells. Surprisingly, we found that reduction in DynII cellular levels in MCF-7 cells partially dampened the effect of E2 in reducing ERα cellular content observed in CTR cells (Fig. 2a) . Moreover, pre-treatment of MCF-7 cells with the DynII inhibitors dynole 2-24 22 or dynasore 23 also reduced E2-induced ERα degradation ( Fig. 2b and supplementary Fig. 1B, respectively) . The 26S proteasome, lysosomes and autophagolysosomes control protein degradation in cells 24, 25 . Because ERα stability is controlled by the 26S proteasome 11 and lysosomes 14 and because a cross-talk between ERα and autophagy has recently been identified 26 , we hypothesized a role for an autophagic pathway in ERα degradation. Thus, we genetically or chemically inhibited the autophagic flux in MCF-7 cells. Depletion of ATG12, a critical component of the autophagic machinery 27 , as well as the pre-treatment of MCF-7 cells with bafilomycin A1 (Baf), an inhibitor of the vacuolar (V)-ATPase 28 , partially prevented the E2-induced reduction in ERα intracellular levels (Fig. 2c,d , respectively). Similar results have been obtained also in another ERα -positive breast cancer cell line (i.e., T47D-1, supplementary Fig. 1C) . Notably, interference with both DynII and autophagy increased basal ERα content in MCF-7 cells (Fig. 2) . Thus, DynII and an autophagic pathway are, at least in part, necessary for ERα control of intracellular levels in breast cancer cells.
Autophagy controls basal ERα degradation.
ERα is a rapidly turned over protein, and its breakdown occurs both on the pre-formed and the neo-synthesized (i.e., native) receptor 29 . Thus, experiments were next performed to understand on which receptor pool the observed effects of autophagy inhibition could occur. To study the pre-formed receptor, MCF-7 cells were treated for 24 hrs with the protein synthesis inhibitor cycloheximide (CHX), which reduced ERα intracellular levels (Fig. 3a) . Interestingly, treatment of MCF-7 cells with Baf both in the presence and absence of CHX increased the basal receptor intracellular content (Fig. 3a) . Two hours of E2 treatment both in the presence and absence of CHX administration induced a significant reduction in total ERα cellular content (Fig. 3b,c) . Remarkably, this reduction was equally prevented when MCF-7 cells were also treated with Baf (Fig. 3b,c) . On the other hand, to study the neo-synthesized receptor 29 , we took advantage of a non-radioactive assay (Click-it ® ) that labels native proteins with biotin ( . As previously reported 21, 29 , 2 hours of E2 treatment reduced the levels of neo-synthesized ERα (Fig. 3d ). Interestingly, Baf treatment increased the levels of the native receptor irrespective of E2 administration (Fig. 3d) . Therefore, ERα degradation (i.e., turnover) proceeds at least in part through an autophagy-based pathway that mainly controls basal ERα breakdown.
E2 inhibits the autophagic flux. Because an autophagy-based pathway is involved in the regulation of
ERα intracellular levels (Figs 2 and 3), we next evaluated whether E2 could affect its activation state. When autophagosomes form, LC3-I is converted to LC3-II by lipidation. LC3-II remains in the autophagosomes until it is degraded into autophagolysosomes. Consequently, we evaluated the cellular amount of LC3-II [i.e., LC3-II/ (LC3-I + LC3-II)] as a marker of autophagosome number 25 . Figure 4a ,a' show that E2 induced a rapid increase in LC3-II cellular content. Moreover, treatment of MCF-7 cells with E2 (2 hrs) led to an increase in LC3 staining, which was superimposable onto the signal derived from monodansylcadaverine (MDC, Fig. 4b ), an autofluorescent molecule that stains autophagic vacuoles 25 . p62, also known as sequestrosome, is an autophagy receptor that addresses soluble proteins (i.e., cargo molecule) to autophagolysosomes for degradation. p62 associates with LC3-II and undergoes degradation in autophagolysosomes, together with the transported cargo. Thus, p62 can be considered a substrate of autophagy, which is accumulated when autophagy is impaired 25 . Thus, we evaluated the effect of E2 on p62 intracellular levels in MCF-7 total cellular lysates extracted in the presence of 1% SDS 25 . Figure 4a ,a' show that E2 induced a time-dependent increase in p62 cellular content.
To test if LC3-II and p62 increase represented an induction of the autophagic process in E2-treated cells or, on the contrary, an inhibition of LC3-II and p62 degradation by the autophagolysosome, MCF-7 cells were treated with E2 in the presence of Baf 25 . As shown in Fig. 4c ,c' Baf administration in MCF-7 cells resulted in no further significant increase in LC3 and p62 levels. Altogether, these data indicate that E2 increases autophagosome number and inhibits the later stages of the autophagic flux.
ERα localizes to autophagosomes. Next, we evaluated whether ERα localizes to autophagosomes in MCF-7 cells. Figure 5a ,b show that ERα co-precipitated with LC3 or p62 in un-stimulated MCF-7 cells subjected to immunoprecipitation with an anti-LC3 or an anti-p62 antibody, respectively. Moreover, E2 administration did not change the amount of ERα immunoprecipitated with LC3 or p62 (Fig. 5a,b) . In line with these biochemical results, confocal microscopy experiments performed with anti-ERα antibodies (i.e., C-terminal domain-directed antibodies) that highlight the extra-nuclear located ERα in a different manner 31, 32 revealed that LC3 and ERα (Fig. 5c) , as well as p62 and ERα (Fig. 5d ) staining signals merge in un-treated MCF-7 cells. Thus, ERα localizes to autophagosomes in an E2-independent manner.
Dynamin II KD prevents autophagy in an E2-independent manner. Because a role for DynII in inhibiting autophagy has been reported 33, 34 and our observation that DynII and autophagic flux inhibition both partially prevent E2-induced ERα degradation (Figs 2 and 3) , we finally determined whether DynII depletion (Fig. 6a,a") . Moreover, similar results were obtained when MCF-7 cells were pre-treated with the DynII inhibitors dynole 2-24 22 and dynasore 23 ( Fig. 6a' ,a",b and supplementary Fig. 1D, respectively) . Finally, we determined the ERα :LC3 association under DynII depleted conditions (Fig. 6c,d ). As reported in Fig. 6c , the depletion of DynII KD both in the presence and absence of E2 did not increase the amount of ERα immunoprecipitated by LC3 antibody. Overall, these data indicate that DynII depletion increases the number of autophagosomes, irrespective of E2 and does not affect the ERα :LC3 association.
Discussion
In this study, we report that DynII is required for activation of E2-evoked cell proliferation signaling and for the control of autophagy-mediated ERα degradation. Therefore, our findings demonstrate that DynII plays a dual role in the regulation of ERα -based pathways in breast cancer cells (e.g., signaling and degradation) and further support the concept that endocytic proteins regulate E2:ERα -mediated physiological functions.
In cells, the molecular mechanisms elicited by E2 that are required for the induction of cell proliferation are mediated by ERα . Although this hormone receptor was long considered a nuclear protein that regulates gene expression, it is now clear that ERα also works as a plasma membrane-localized receptor 2, 3, 5, 21 . As for other hormones that bind to membrane receptors (e.g., receptor tyrosine kinases -RTKs) 17 , E2 induces ERα degradation while it activates intracellular signaling circuitries required for hormone-regulated physiological effects. As a consequence, different investigators have suggested an endocytic trafficking of E2-activated membrane-localized ERα , as it occurs for activated RTKs 16, [35] [36] [37] . Support for this notion came from recent observations that, besides 26S proteasome-mediated degradation, ERα breakdown also occurs in lysosomes 14 . Because lysosomes are endocytic stations 17 , we hypothesized a role for endocytic proteins in the control of receptor degradation. Thus, we applied a library of siRNA oligonucleotides designed against endocytic proteins to breast cancer cells (i.e., MCF-7 cells) and studied E2-induced ERα degradation 16 . By silencing the expression of clathrin heavy chain (CHC), adaptor protein 2 (AP2), caveolin-1 and caveolin-2, we reported that E2 loses its ability to induce the PI3K/AKT pathway. This event leads to reduced ERα S118 phosphorylation that subsequently leads to a reduction in receptor-mediated ERE-containing gene transcription and a reduction in E2-dependent cyclin D1 and Bcl-2 up-regulation. In parallel, the lack of PI3K/ AKT pathway-dependent ERα S118 phosphorylation renders the receptor more susceptible to degradation. Consequently, E2-dependent cell proliferation is prevented 15, 16 . Western blotting analysis and relative densitometric analyses of mature ERα content in MCF-7 cells kept in methioninefree medium for 24 hrs and treated for 2 hrs with E2 (10 nM) in the presence or in the absence of bafilomycin A1 (Baf) (100 nM-2 hrs) with or without cycloheximide (CHX) (1 μg/ml-6 hrs) administration. The loading control was done by evaluating vinculin expression in the same filter. *indicates significant differences with respect to the control (− ) sample; °indicates significant differences with respect to the corresponding E2 sample. Here, we report that the DynII depletion-dependent phenotype in MCF-7 cells is superimposable to the one detected when either CHC, AP-2, caveolin-1 or caveolin-2 intracellular levels are reduced. In particular, DynII expression is required for E2-dependent activation of the PI3K/AKT pathway, ERα S118 phosphorylation, ERE and non-ERE gene transcription that all contribute to E2-dependent regulation of cell proliferation. Interestingly, the basal increase in PI3K/AKT cascade activation under DynII KD conditions (i.e., increased AKT activation and IGF-1:ERα association) can be explained by considering that, since inhibition of DynII blocks most endocytic events, the activity of a plasma membrane endocytic-dependent signaling pathway is augmented in cells when DynII is silenced 17 . Thus, a unique plasma membrane pathway includes the functions of all these endocytic proteins and impinges on the control of E2-induced cell proliferation.
Aside from the effect of the depletion of the above mentioned endocytic proteins 15, 16 , DynII KD also reduces the ability of E2 to trigger ERα degradation. Because DynII depletion has been shown to inhibit autophagy 33, 34 , we reasoned that the DynII-dependent control of ERα content could occur through autophagic degradation. Here, we demonstrate that E2-induced ERα degradation is partially prevented when cellular levels of ATG12, a critical component of the autophagy machinery, are reduced, as well as when autophagy is blocked by bafilomycin A1 (Baf) 25 . Accordingly, the same effect was observed in MCF-7 cells when DynII was genetically or chemically inhibited, thus confirming that DynII inhibition prevents autophagic flux 33, 34 . Interestingly, autophagy inhibition also results in an increased basal amount of cellular ERα . Steady-state cellular ERα content is the result of degradative pathways (e.g., 26S proteasome) that insist on the pools of both neo-synthesized and mature ERα fractions 11 . We report that Baf administration to cells reduces the degradation of both ERα pools under basal conditions. On the contrary, only E2-induced degradation of the neo-synthesized receptor is prevented when autophagy is inhibited. In line with this finding, ERα localizes to the autophagosomes. During the completion of the autophagic flux, soluble proteins (i.e., autophagic cargoes) can bind to p62, which in turn docks at LC3-II and shuttles them to autophagolysosomes for subsequent degradation in a non-canonical process named selective autophagy 38 . Because we observed that ERα co-precipitates with both LC3 and p62 in MCF-7 cells, it is possible that ERα autophagosomal localization depends on the ability of the receptor to form a complex with both p62 and LC3. Thus, we conclude that a DynII-dependent selective autophagy-based pathway is involved in the control of ERα turnover. Another interesting aspect of this work is the effect of E2 on autophagy. It has been reported that E2 can modulate autophagy, with some evidence suggesting that E2 activates autophagy 39, 40 , whereas other investigators report that E2 blocks the autophagic flux 41, 42 . The autophagic flux begins with the formation of a double membrane (i.e., phagophore) that engulfs organelles, cytoplasmic portions and/or specific proteins (i.e., autophagic cargoes) and originates a vesicle called an autophagosome. The subsequent fusion of autophagosomes with lysosomes forms the autophagolysosomes where autophagic cargoes are hydrolyzed 27 . Here we show that E2 increases the autophagosome number in MCF-7 cells and that this number is not additionally increased by the administration of Baf, as occurs when a molecule activates autophagy 25 . Therefore, E2-induced autophagosome biogenesis does not depend on an increase in the rate of phagophore formation but rather occurs because E2 inhibits the completion of the autophagic flux at its terminal stage. Moreover, E2 does not change the amount of ERα that co-precipitates with LC3 or p62. Thus, we conclude that E2 does not address ERα to autophagosomes and blocks autophagy.
The presented results additionally disclose a paradoxical circumstance for which E2 inhibits autophagy and induces cell proliferation, while DynII depletion impairs both autophagy and E2-induced cell proliferation. Nonetheless, such contradiction can be reconciled by envisioning a situation in which, by blocking autophagy, E2 triggers cell survival because it impedes autophagic degradation of neo-synthesized ERα , which in turn is available to sustain E2-induced signaling to cell proliferation. On the contrary, the inhibition of autophagy, as determined by DynII silencing or by other stimuli 43 , would block breast cancer cell proliferation, possibly through an increase in both the pre-formed and the neo-synthesized ERα pools. In this regard, our findings unveil a more general concept concerning the relations between the control of ERα intracellular levels and E2-induced cell proliferation in breast cancer cells. Indeed, the depletion of endocytic proteins that either stabilize (e.g., DynII) or de-stabilize (e.g., CHC) 16 ERα causes the same blocking effect in E2-induced cell proliferation. Similarly, the loss of ERα in receptor-positive cell lines as well as ERα re-expression in ER-negative cells results in artificial cell lines that fail to proliferate in response to E2 44, 45 . Furthermore, certain ligands bound to ERα (e.g., 4OH-tamoxifen and ICI 182,280) prevent E2-induced cell proliferation but either reduce (4OH-tamoxifen) or accelerate (ICI 182,280) ERα turnover 11 . In turn, it seems that whatever causes imbalance in ERα levels (e.g., ligands/molecules or pathways) has the potential to inhibit E2-dependent proliferation of breast cancer cells. Thus, the physiological control of intracellular ERα levels possesses an intrinsic weakness, which breast cancer cells control to fuel proliferation. Consequently, this point of weakness might be exploited for therapeutic purposes aimed at blocking ERα -positive breast cancer progression.
Methods
Cell culture and reagents. 17β -estradiol, DMEM (with and without phenol red) and fetal calf serum were purchased from Sigma-Aldrich (St. Louis, MO). The Bradford protein assay kit, as well as anti-mouse and anti-rabbit secondary antibodies, were obtained from Bio-Rad (Hercules, CA). Antibodies against ERα (HC-20 rabbit; F-10 mouse), cyclin D1 (H-295 rabbit), Bcl-2 (C2 mouse), progesterone receptor (C20 rabbit), cathepsin D (H75 rabbit), pS2 (FL-84 rabbit), dynamin II (C-18 goat), p62/SQSTM (D-3 mouse) and anti-goat secondary antibody (sc-2020) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and anti-vinculin, anti-tubulin and anti-LC3 antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Anti-phospho-AKT, anti-AKT, anti-phospho-S118 ERα , and anti-IGF-1R were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Anti-biotin-HRP was purchased from Thermo Fisher Scientific (Walthman, MA, USA). Chemiluminescence reagent for Western blotting was obtained from BioRad Laboratories (Hercules, CA, USA). Dynole 2-24 was purchased from Abcam (USA). All other products were from Sigma-Aldrich. Analytical-or reagent-grade products, without further purification, were used. The identities of all of the cell lines that were used (i.e., human breast carcinoma cells [MCF-7; T47D-1]) were verified by STR analysis (BMR Genomics, Italy).
RNA interference experiments, cellular and biochemical assays, RNA isolation, qPCR and cell cycle analysis. The silencing of DynII or ATG12 in MCF-7 cells was conducted by transient transfection of Dharmacon smart pool siRNA oligos (final concentration 4 nM in 2 mL of a six well plate). For all siRNA experiments control cells (CTR) have been transfected with the same amount of transfection medium (RNAi Max+ Optimem) but the siRNA oligonucleotide, as described elsewhere 15, 16, 20, 46 . All other assays were performed as previously described 15, 16 .
Confocal microscopy analysis. Assays were performed as previously described 16 . Anti-LC3, anti-p62/ SQSTM and anti-ERα were diluted 1:200 and incubated for 2 hours at R.T. MDC staining was performed by administrating this molecule to cells (50 μM) for 1 hour before fixation. Metabolic Labeling of Newly Synthesized Proteins with L-azidohomoalanine AHA. cells were maintained for 24 hrs in methionine-free medium. E2 and inhibitors were added together with L-azidohomoalanine (AHA, Supplementary Fig. 2 ). After 2 hrs, cells were lysed in YY buffer (50 mM HEPES at pH 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA). Two hundred μg were used for the click-reaction with biotin-alkyne and then used to immunoprecipitate ERα . Biotin-labelled proteins were detected by Western blotting with anti-biotin-HRP antibody. Each step in the labeling procedure was performed according to the manufacturer instructions of the Click-iT ® metabolic labeling reagents for proteins kit (Invitrogen) (Supplementary Fig. 2 ).
Statistical analysis.
A statistical analysis was performed using the ANOVA (One-way analysis of variance and Tukey's as post-test) test with the InStat version 3 software system (GraphPad Software Inc., San Diego, CA). Densitometric analyses were performed using the freeware software ImageJ, by quantifying the band intensity of the protein of interest with respect to the relative loading control band (i.e., vinculin or tubulin) intensity. In all analyses, p values < 0.01 were considered significant, except for densitometric analyses where p values < 0.05 were considered significant.
